Abstract: Synchrotron techniques are powerful tools in material and environmental sciences; however, they are currently underutilized in plant research. The Canadian Light Source synchrotron at the University of Saskatchewan campus is the only such facility in Canada open to academic, government, and industrial clients. This review introduces the potential of synchrotron-based spectroscopic methods and its applications to agriculture and plant sciences. Relative ease of sample preparation, nondestructive analysis, high spatial resolution, and multiple response measurements within a single sample are among its advantages. Synchrotron-based Fourier transform mid-infrared spectromicroscopy, X-ray absorption, and fluorescence spectromicroscopy are included in the several approaches discussed. Examples range from evaluating protein secondary structure and nondestructive compositional analysis of leaf epicuticular wax and pollen surface lipids to cell wall composition and nutrient analyses. Synchrotron technology can help to initially identify key spectra related to plant properties for subsequent higher throughput techniques. One example is the adaptation of synchrotron techniques for lower resolution analysis in the field such as nondestructive elemental analysis for localization of nutrients in fruit crops using handheld high-throughput devices. In addition, interest in creating high-throughput systems based on synchrotron technology itself is driving the development of new hardware to meet these larger challenges.
Introduction
Selecting environmental stress resistance traits with improvements in crop yield and quality requires the consideration of a multitude of factors (Buddenhagen 1983; Fiorani and Schurr 2013; Walter et al. 2015) . Advancements in molecular and analytical techniques have broadened the concept of quantitative analysis to include the characterization of biological processes, functions, and anatomical structures (reviewed by Fiorani and Schurr 2013; Walter et al. 2015) . This has led to an increased demand for high-throughput phenotyping methods that can measure these traits in tens of thousands of plant samples within the short time intervals available between harvesting and subsequent planting. Only then can these traits be used by breeders to select and advance superior breeding lines to the next generation. Development of X-ray and mid-infrared (MIR) spectroscopy-based phenotyping techniques using synchrotron beamlines have the potential of enabling high-throughput phenotyping of many such traits.
In the last 15 yr, phenotyping has been linked to nondestructive optical analyses of plant traits based on imaging Vijayan et al. 2015; Walter et al. 2015) . Synchrotron-based technology affords researchers the ability to image and quantify specific chemicals or functional groups as well as nutrients within important plant tissues (Vijayan et al. 2015) . This has enabled researchers to examine anatomic and biochemical responses, making it a potential for phenotyping or chemotyping specific traits of interest (Jiang et al. 2015; Lahlali et al. 2014 Lahlali et al. , 2015 Lahlali et al. , 2016a Kalcsits 2016; Willick et al. 2017) . Different synchrotron techniques have been applied to the identification of desirable genotypes, such as heat tolerance traits in field pea (Pisum sativum L.) pollen (Lahlali et al. 2014; Jiang et al. 2015) , drought tolerance traits in spring wheat (Triticum aestivum L.), and biochemical and anatomical traits associated with enhanced tolerance to Fusarium head blight (FHB) caused by Fusarium graminearum Schwabe in wheat (Lahlali et al. , 2016a or used as a tool to select for enhanced micronutrient composition in apple (Malus domestica Borkh.) and pear (Pyrus communis) cultivars (Kalcsits 2016) .
The Canadian Light Source (CLS) synchrotron is the largest science project of its time in Canada and is situated on the University of Saskatchewan campus. The CLS is the only synchrotron in Canada and has operating beamlines for energy levels ranging from far-infrared through to soft and hard X-rays. A competitive application system evaluates user proposals through an international review panel. Approved proposals enable academic and government researchers to gain access to the facility. As the focus of plant phenotyping has broadened from basic science to more applied research, synchrotron-based technologies have additional information to offer to enhance plant breeding efforts.
Synchrotron Techniques Used in Plant Chemotyping
The dissection of a specific cell or tissue of interest at a particular developmental stage in a crop's lifecycle is seldom practiced and traditional analysis using gas or liquid chromatography requires large amounts of dried tissue (in the microgram to milligram scale). Analysis of small samples such as pollen (Jiang et al. 2015) or delicate tissues such as the nodes of a wheat rachis (Lahlali et al. , 2016a (Lahlali et al. , 2016b requires harvesting hundreds of plants to accrue enough tissue for analyses. Traditional bulk chemical analyses can average out the intrinsic heterogeneity of certain plant tissues, potentially masking phenotypes (McCann et al. 1997) . The use of Fourier transform infrared (FTIR) spectroscopy and X-ray absorption spectroscopy in conjunction with microscopy or equipment adapted for handheld field use will facilitate the identification of novel traits. The objective of this paper is to highlight synchrotron applications that can be used in agriculture and plant science research. The case studies in this article are not exhaustive but provide research examples of the value of using these approaches. This review will focus on two spectroscopy techniques commonly employed at the CLS for plant science research: MIR and X-ray absorption spectroscopy.
Mid-infrared spectroscopy
The MIR region (4000-200 wavenumbers, measured in cm −1 ) of the electromagnetic spectrum corresponds to molecular vibrations associated with chemical bonds in organic compounds. Using these vibrational signatures, we can identify specific peaks associated with organic compounds such as cellulose, protein, or lignin. Midinfrared light can be used to identify and quantify the distribution of these chemical components within intact plant tissues, homogenized bulk tissues, or tissue sections. When coupled with the appropriate detector or microscope, FTIR can image a region of interest as small as 2 μm, allowing for the identification of differences in cell wall composition (McCann et al. 1997; Tanino et al. 2013; Vijayan et al. 2015) . Implementation of recent advances in techniques like near-field scanning optical microscopy and atomic force microscopy have enabled nano-FTIR instruments with a spatial resolution of up to 20 nm (Huth et al. 2012) . Conventional infrared spectromicroscopes are equipped with globar sources (silicon carbide) and have large beams sufficient for characterization of bulk samples or large samples with low spatial resolution (15 μm). These microscopes are used for fast screening of multiple samples. Synchrotron light provides 1000 times more infrared light than globar sources in a small focussed area. Therefore, synchrotron-based infrared spectromicroscopes are used to acquire high spatial resolution data in a short time with high signal to noise ratio.
The CLS MIR beamline has two microscopes. The globar source based spectromicroscope (IFS 66 V/S, Bruker Optics, Ettlingen, Germany) is often used for bulk spectroscopy, sample surface characterization [attenuated total internal reflection (ATR) spectroscopy], and low-resolution spectromicroscopy. For bulk spectroscopy, harvested tissue samples are frozen in liquid nitrogen and then freeze dried. Approximately 2 mg of freeze dried sample is ground finely with 98 mg of KBr powder and made into a pellet . The spectrum of each sample (average of 64-256 or 512 scans depending on the sample absorption) is then normalized using the spectrum of pure KBr pellet (average of 128 or 256 scans). For surface characterization, fresh samples such as leaves (Fig. 1) or small samples such as pollen can be placed on CaF 2 windows for data collection (Jiang et al. 2015) . Two types of ATR probes (probe area 3 mm or 200 μm) are available for use with large or small samples, respectively. The spectromicroscope has a deuterated triglycine sulphate detector for bulk spectroscopy and a mercury cadmium telluride detector for low resolution spectromicroscopy of thin sectioned (∼10 μm) samples in transmission mode.
The synchrotron-based spectromicroscope (Vertex 70v Interferometer with a Hyperion 3000 infrared microscope, Bruker Optics) has mercury cadmium telluride and focal plane array (FPA) detectors. These detectors are used for low and high spatial resolution spectromicroscopy data collection, respectively. All data collection (4000-800 cm −1 at 2 or 4 cm −1 resolution) and initial data analysis in the MIR beamline are conducted using OPUS software (version 7.0, Bruker Optics Inc., Billerica, MA).
X-ray absorption spectroscopy
Essential macro-and micro-nutrients are present in different concentrations in plants. Laboratory-based X-ray sources can be used to determine the presence of high concentrations of nutrients. However, synchrotron sources are normally acquired (ppm to ppb) to determine the presence of low concentrated nutrients due to the source brightness and the form of nutrients (e.g., iron phosphate as opposed to iron sulphate; Fe
2+
or Fe 3+ ) due to high X-ray energy sensitivity (Vijayan et al. 2015) . Furthermore, the presence of nutrients such as S, P, Ca, K, Mg, Fe, Zn, and Se can be determined simultaneously in bulk samples or can be mapped for spatial localization studies in thin sample sections on a micrometre to nanometre scale using synchrotron sources. The CLS has several soft and hard X-ray beamlines that can be used for plant samples. Soft X-ray beamlines have high sensitivity for low atomic weight elements such as C, N, O, S, P, Ca, and K, while hard X-ray beamlines have high sensitivity for heavy elements such as Mg, Fe, Cu, Zn, and Se. Sample sections should be thin (approximately 10 μm) if tissue nutrient concentrations are high and data are collected in the transmission mode. However, sample thickness does not matter in the fluorescence mode of samples with low concentrations of elements of interest. The X-ray fluorescence (XRF) spectra of most samples reported in this review were collected at the Industry Development Education and Applications for Students beamline at the CLS. A Ge (220) crystal in the monochromator and a 13 element Canberra Ge detector were used to record the partial XRF. The energy of the incident X-ray beam was 12.8 keV and the detector in the fluorescence mode was used to record sample spectra (1.2-20 keV). In regions of the infrared spectrum where the corn sample absorbs energy, the light will be attenuated. The attenuated beam returns to the crystal and is directed to a detector in the infrared spectrometer. Here the attenuated infrared beam is recorded as an interferogram signal that can be used to generate an infrared spectrum. [Colour online.] 
Applications of Synchrotron Technology
The following are specific examples in plant agriculture covering a range of response measurements based on a few of the beamlines at the CLS. These examples have been selected to provide an overview of how this powerful technology can be utilized.
Leaf epicuticular wax as markers for low temperature responses in corn Corn [Zea mays (L.) subsp. Mays] is the most widely produced crop worldwide based on tonnage and is used for food, feed, and fuel (Food and Agriculture Organization of the United Nations 2013). While corn is generally chilling-sensitive, variation of this trait reveals chilling-resistant types (data not shown). All corn, however, is frost-sensitive. With the projected increase in yield losses caused by frost over the growing season (Gu et al. 2008 ) and the industry-led investment to expand corn acreage into northern latitudes (Monsanto Canada 2013; Dupont Pioneer 2017) , a greater emphasis needs to be placed on identifying new traits in corn frost avoidance. Leaf epicuticular wax is an important barrier to frost that can mitigate the external nucleation of ice on plant tissues (Wisniewski and Fuller 1999; Bird and Gray 2003) . The MIR beamline at the CLS generates specific wavelengths of brilliant synchrotron light optimized for analyzing large biomolecules, such as epicuticular wax (CH 2 groups).
Leaf epicuticular wax composition has been studied in corn grown under warm and chilling conditions (Vigh et al. 1981 ) but the influence of chilling temperatures on subsequent frost injury has not been previously examined. In this preliminary test, four corn genotypes were grown in a controlled environment greenhouse on a 28°C day and 22°C night cycle under a 16 h photoperiod. Vegetative leaves five, six and seven from mature corn plants were sampled during the early reproductive stage. Chilling conditions of 18°C day and 6°C night cycles under a 12 h photoperiod represented the 30-yr average for the 10 d prior to the first fall frost. Leaf samples under the greenhouse and chilling treatments were evaluated through nondestructive leaf cuticular surface assessment using ATR. The adaxial surface of mature leaves were measured with a 3 mm ATR probe (Fig. 1) . Leaf samples secured in the ATR probe accessory were collected in the reflectance spectra collection mode with an average of 512 scans. All spectra resultant from ATR-FTIR measurements have extended ATR correction and were normalized to the amide II peak (1600-1700 cm −1 ), then analyzed before and after the second derivative for peak identification in the lipid region. The second derivative was utilized to localize the accentuated definition of the peak regions of interest (Fig. 2B ). Peak area integration was performed across the CH 2 groups. Three areas of interest were identified: asymmetrical CH 2 , symmetrical CH 2 , and combined CH 2 groups ( Fig. 2A) . Chilling-treated samples have a lower peak intensity, indicating the prevalence of lipids has decreased following chilling pretreatment. Mid-infrared light can be optimized to measure lipids of cuticular waxes on leaf surfaces and differences between chilling treatments (K. Hamilton et al., unpublished data). The quantity, measured through CH 2 peak intensity, was reduced through chilling treatment and the peak identification was performed using the second derivative (Figs. 2A, 2B) . This methodology is efficient and offers high throughput for evaluating multiple genotypes across treatments (Leugers et al. 2003; Kazarian and Chan 2010) .
Lipid and protein composition of pollen as markers for heat tolerance in pea
The plant pollen surface consists of a coat and exine layer comprised of lipids and proteins that affect pollen hydration and germination success (Dickinson1993; Wolters-Arts et al. 1998). Quantifying pollen surface lipids through conventional methods (such as mass spectroscopy) is challenging because samples are small, expensive to collect, and separating the coat and exine from the rest of pollen is time consuming. Synchrotron tools are advantageous because they can spatially resolve small biological tissue samples, including their chemical composition, particularly in samples where precisely isolating cell layers in tissues and within cells is difficult, if not impossible, through conventional methods. Synchrotron FTIR requires only minimal sample preparation, is rapid and noninvasive, and provides information on protein, lipid, and carbohydrate composition −1 of corn epicuticular wax leaf spectra from an average of two samples of each of three biological replications. Spectra were taken from plants that were grown under nonchilling and chilling conditions. (B) Second-derivative spectra isolating asymmetrical and symmetrical CH 2 peaks (K. Hamilton et al., unpublished data). (Martín et al. 2005) , but is under utilized in plant science research.
The objective of the Jiang et al. (2015) study was to investigate how high temperatures affect the chemical composition of pollen grain surface in field pea using MIR spectroscopy with the goal of identifying traits conferring high temperature tolerance. Fresh, mature pollen grains from four replications of two commercially grown field pea cultivars, 'CDC Golden' (Warkentin et al. 2004) and 'CDC Sage' (Warkentin et al. 2006) , were collected from buds on the fourth day of flower opening when exposed to two temperature regimes (24/18°C vs. 35/18°C day/night, 16 h photoperiod). Pollen grains were dusted on CaF 2 windows and the surface composition was analyzed using ATR-FTIR with the globar light as the infrared source, as described previously (Lahlali et al. 2014; Jiang et al. 2015) .
The chemical composition (lipid, proteins, and carbohydrates) of pollen coat and exine of 'CDC Golden' (heat stress sensitive) and 'CDC Sage' (heat stress resistant) responded differently to elevated temperatures. In the protein region (1800-1500 cm
), the amount of α-helical structures (43.6%-48.6%) in pea pollen coat and exine was greater than β-sheets (41.3%-46.0%) in 'CDC Sage' (Lahlali et al. 2014) . In contrast, 'CDC Golden' had a greater proportion of β-sheets (46.3%-51.7%) compared with α-helical structures (35.3%-36.2%) (Lahlali et al. 2014) . Therefore, 'CDC Sage' had a higher α to β ratio than 'CDC Golden' (Lahlali et al. 2014) .
In the lipid region, two strong negative peaks were observed near 2921 cm −1 (asymmetrical CH 2 ) and 2852 cm −1 (symmetrical CH 2 ) in the secondary derivative of absorption spectra. Both cultivars contained different amounts of two types of lipids on the pollen grain surface. The principal component primary axis analyses distinguished 'CDC Golden' and 'CDC Sage' as two separate clusters on the positive and negative sides via principal component analysis. The lipid region of the pollen grain surface of 'CDC Sage' was more stable than 'CDC Golden' under heat stress (Jiang et al. 2015) .
In vitro pollen germination percentage of 'CDC Sage' was significantly greater than 'CDC Golden' after 10 h incubation at 36°C (Jiang et al. 2016) . Similarly, pollen viability of 'CDC Sage' at the anthesis stage was significantly higher than that of 'CDC Golden' when exposed to high temperature (35/18°C) for 4 d (Y. Jiang et al., unpublished data) . A greater in vitro pollen germination percentage and pollen viability in 'CDC Sage' may be associated with more stable lipid composition in pollen coat and exine compared with 'CDC Golden'. Lipids on pollen coats allow pollen tubes to penetrate the stigmatic papillae (Wolters-Arts et al. 1998) . Additionally, because α-helical structures prevent bulk protein in pollen grains from the destructive effects of dehydration (Wolkers and Hoekstra 1995) , the higher ratio of α-helical secondary protein structures to β-sheets in 'CDC Sage' compared with 'CDC Golden' may be another mechanism of high temperature tolerance.
Lipid composition in the pollen coat and exine layers was more stable in 'CDC Sage' than 'CDC Golden' when exposed to elevated temperatures. 'CDC Sage' also had a higher ratio of α-helical structures to β-sheets compared with 'CDC Golden'. More stable pollen surface lipids and the protein richness with α-helical structures seen in 'CDC Sage' may explain the unexpected finding that 'CDC Sage' had more heat-tolerant pollen grains compared with 'CDC Golden' (Lahlali et al. 2014; Jiang et al. 2015) . FTIR spectroscopy, which does not necessarily need a synchrotron, can also be used to screen a large range of pea germplasm samples to improve pollen resistance to heat. This technique has proven to be a powerful nondestructive analytical tool to detect compositional changes on the pollen grain surface in response to environmental stress that can be applied to other biological samples.
Analysis of cellular chemophenotypes using an FPA
Mid-infrared analyses have two end stations, ATR and FPA mapping, both of which can be used to develop nondestructive methods to investigate tissue-specific phenotypes. Unlike conventional infrared sources that assess single point measurements, FPA enables spectral mapping and spatial localization studies of biological molecules across samples (Heraud et al. 2007) . Yu (2004) was one of the first to illustrate the advantages of synchrotron FTIR microspectroscopy in revealing the microstructural matrix of feed that may link to nutrient utilization and structure-chemical information studies. Tanino et al. (2013) provided one of the first examples of synchrotron FPA mapping in plant abiotic stress using intact onion (Allium fistulosum L.) tissues. The FPA-FTIR maps in the intact single cell onion (A. fistulosum) epidermal peel illustrated here were created in 1 × 2 (64 pixel × 64 pixel) tiles with the detector connected to the Hyperion 3000 microscope using a 36× objective and assessed on samples of increasing freezing resistance from plants grown at 20°C and those cold-acclimated for up to 2 wk at 4°C (Tanino et al. 2013 ).
In the Tanino et al. (2013) study, after 2 wk of cold acclimation, the LT 50 (the temperature at which 50% of the cells survived) decreased from −10°C to −30°C. This decrease in LT 50 corresponded with an increase in the ratio of α-helix to β-sheet secondary structures (Fig. 3 ). An increase in the α to β ratio has been linked to an increase in dehydrins (Graether et al. 2001) . Representative three-dimensional FTIR spectral plots integrated over 963-1745 cm −1 corresponded to spectra that include pectin and cellulose vibrational modes in common onion (Allium cepa L.) epidermal peels (Wilson et al. 2000) . Principle component analysis in combination with the FPA-FTIR mapping enabled the detection of the separation between the intracellular and apoplastic spaces induced by acclimation (no overlap of blue and black circles) (Fig. 3) .
The use of FTIR-FPA has also been applied to identify FHB biochemical traits in spring wheat by Lahlali et al. (2015 Lahlali et al. ( , 2016a (Lahlali et al. 2016a) . 'Sumai3' was also identified to have higher peaks associated with lignin, hemicellulose and cellulose than in 'Muchmore'. This corresponds to visibly thicker rachis nodes in the 'Sumai3' spikelet in comparison to 'Muchmore', as visualized by synchrotron radiation two-dimensional phase contrast imaging . Similar research identifying peaks associated with environmental stress identified by synchrotron FTIR mapping has also been used to identify bands associated with protein degradation in wheat kernels as a result of frost ) and fungal infection (Singh et al. 2011 ).
The intact onion epidermal peel and wheat spikelet rachis node examples illustrate the value of combining FPA with MIR to provide qualitative and quantitative spatial localization mapping of biological functional groups. The methods of sample preparation mentioned here are simple, cost effective, and noninvasive. Midinfrared spectroscopy techniques also provide an opportunity to identify tissue-specific phenotypic markers associated with environmental stress.
Plant tissue barriers against pathogenic stress
Stripe rust of wheat caused by Puccinia striiformis f. sp. tritici Erikss. has been an issue in irrigated soft white spring wheat in southern Alberta (Su et al. 2003) , and more recently in Canada Western Red Winter, Canada Western Red Spring, and Canada Prairie Spring Red wheat classes in western Canada (Puchalski and Gaudet 2011) . Stripe rust in Saskatchewan is managed through the application of fungicides and selection of resistant wheat cultivars (Brar and Kutcher 2016) . Although the adult plant resistance gene Yr18/Lr34 is present in most modern varieties, only a few seedling resistance genes, including Yr17, Yr10, and Yr27, have been deployed in Canadian wheat cultivars (Puchalski and Gaudet 2011; Randhawa et al. 2012) .
Studies on modifications to cell wall biopolymers of infected plants due to stripe and leaf rust are scarce. The cell wall forms a passive barrier in that extensive wall degradation is required by invading pathogens for infection to spread and can serve as a reservoir of antimicrobial compounds (reviewed by Zhao and Dixon 2014) . In the past, similar biopolymeric modifications have been noted using FTIR spectroscopy in the rachis of resistant and susceptible spring wheat following exposure to FHB, caused by F. graminearum (Teleomorph:
Gibberella zeae (Schwein.) Petch; Lahlali et al. 2015 Lahlali et al. , 2016a Lahlali et al. , 2016b . The objectives of this study were to understand changes in cell wall biopolymers following infection in resistant and susceptible wheat cultivars and to determine whether these modifications can act as biochemical markers for stripe rust damage. Specifically, the effect of P. striiformis inoculation on the degree of pathogenic resistance in relationship to alterations in cell wall biopolymers was investigated using near-isogenic lines in 'Avocet', background differentiating for gene Yr10 (Brar and Kutcher 2016) . The gene Yr10 was chosen for study as this seedling resistance gene is still effective to the majority of P. striiformis races existing in Saskatchewan (Brar et al. 2017) . Two P. striiformis isolates, W047 (avirulent) and W053 (virulent), were inoculated onto the leaves of 10-d-old seedlings of 'Avocet' wheat isogenic lines with and without Yr10 (Brar and Kutcher 2016) . Leaves collected at 15 d after inoculation were freeze dried, ground into a powder, and then analyzed using the KBr pellet method.
Increases in cell wall lignin abundance have been correlated with reduced spread of P. striiformis in resistant wheat cultivars (Moldenhauer et al. 2006 ). Preliminary research shows that increases in cellulose, xylan, phenolic, and aromatic compounds were equally important in the Yr10 near-isogenic line (Lahlali et al. 2016b ). Although gene Yr10 has been cloned , the complete mechanism of resistance is still unclear and the results from the present study may not necessarily be related to Yr10 functioning, but to basal resistance in wheat against P. striiformis. Preliminary results from the study distinguished biopolymeric changes between compatible and incompatible interactions using FTIR. Thus, FTIR can potentially be used to study major biopolymers such as lignin, pectin, xylans, and lipids that are involved in biotic stress.
Protein secondary structures as markers for freezing tolerance in winter wheat
The critical region for the winter survival of winter wheat (T. aestivum) is the crown (Chen et al. 1983; Tanino and McKersie 1985) . One of the mechanisms of crown freezing tolerance that cold-acclimated winter cereals employ is the secretion of antifreeze proteins to inhibit damage caused by ice propagation within the extracellular space (Griffith et al. 2005) . Plant antifreeze proteins can be identified by their secondary structures. The ratio of α-helices to β-sheets has been used as a biochemical marker for Type I antifreeze proteins in animals (Graether et al. 2001) ; feeds (Yu 2004) , and in plants such as the Japanese bunching onion (Tanino et al. 2013) . Quantifying specific antifreeze proteins through conventional immunoblotting or proteomic analysis is both time consuming and expensive. For preliminary identification, FTIR spectroscopy analysis requires only minimal sample preparation, is rapid, and, with curve fitting models, can provide information on protein secondary structures (Goormaghtigh et al. 1990 ).
The objective of this study (I.R. Willick et al., unpublished data) was to investigate the effects of cold acclimation on the induction of antifreeze proteins in 'Norstar' winter wheat using MIR spectroscopy. This application highlights synchrotron tools that can analyze not only composition but secondary protein structure in the same biological tissue sample, particularly where small amounts of tissue are available in a short time period. 'Norstar' winter wheat (Grant 1980 ) was grown hydroponically as previously described (Limin and Fowler 2002) . Seedlings were established for 14 d in hydroponic tanks containing half-strength Hoagland's solution at 20°C with a 16 h photoperiod and a photosynthetic photon flux density (PPFD) of 300 μmol m −2 s −1 (nonacclimated). Half of the plants were transferred to a 4°C chamber with a 16 h photoperiod and a PPFD of 250 μmol m −2 s −1 (cold-acclimation). Ten non-acclimated and 10 cold-acclimated plants were selected. Crowns were excised, frozen in liquid nitrogen, and ground into a fine powder in a chilled mortar. Samples were freeze dried for 72 h and then stored at −80°C until analyzed. Samples were prepared and analyzed using the KBr method as described previously . Each infrared spectrum (an average of 256 scans) was recorded in the MIR range (4000-800 cm −1 ) with a spectral resolution of 4 cm −1 . Curve fitting for each protein secondary structure was conducted as per Goormaghtigh et al. (1990) . Statistical analysis was performed using the PROC GLM statistical package of SAS 9.3 (SAS Institute Inc., Cary, NC). Analysis of variance with the Tukey's test (P < 0.05) was used for mean comparisons (Table 1) . The chemical composition of the amide I protein region (1800-1700 cm −1 ) in 'Norstar' crowns responded differently in non-and cold-acclimated treatments. The α-helical peak height was significantly higher in cold as opposed to non-acclimated crowns (P < 0.05; Table 1 ). In contrast, the β-sheet peak height significantly decreased due to the cold-acclimation treatment (P < 0.05; Table 1 ). The α-helical to β-sheet ratio was significantly greater in 'Norstar' crowns after 42 d of cold acclimation. This increase in the α to β ratio during cold acclimation corresponds with increases in antifreeze protein abundance (glucanases, thaumatin-like proteins, and defensins) within extracellular protein fraction extracts (I.R. Willick, unpublished data). Similar increases in proteins with antifreeze properties have been observed in the extracellular fluids collected from cold-acclimated 'Puma' rye (Secale cereale L.) leaves (Griffith et al. 2005 ) and cold-acclimated 'Jackson' winter wheat crowns (Herman et al. 2006 ). An increase in antifreeze proteins has been associated with the modification of ice within the vascular tissue at the base of the crown (Olien 1964) . By binding to one or more growing planes of the ice crystal, the antifreeze proteins change the crystal shape and reduce the degree of damage (Jia and Davies 2002) . The results of this study indicate that FTIR spectroscopy can be used to characterize the α to β ratio in 'Norstar' winter wheat. A large-scale field study amongst multiple winter wheat genotypes with contrasting freezing resistance is required to determine the applicability of the protein molecular structures studied as a biochemical marker for freezing resistance.
Animal feed quality
Novel research ideas and tools have played a significant role in advances in feed science and animal nutrition research (Yu 2004) . Advanced synchrotron-based analytical technology was used to study feed molecular structure and structure changes induced by various processing and treatments (such as gene-transformation, bioethanol processing, and heat processing) in relation to nutrient utilization and availability in the animal. Unlike conventional wet analytical methods, these synchrotron-based techniques have been developed as rapid, nondestructive, and bioanalytical techniques that do not alter intrinsic feed structures. There has been little application of synchrotron radiation-based infrared microspectroscopy to the understanding of the inherent structures and nutrient availability of animal feed by the animal science community. This bioanalytical technique takes advantage of synchrotron light brightness and can explore molecular chemistry as well as the structure of biological tissues at ultra-high spatial resolutions without destroying inherent structures (Yu 2004 Note: Means were separated according to the Tukey's honest significant difference (HSD) test (I.R. Willick, unpublished data). Means not sharing a lowercase letters differ significantly at the P < 0.05 level. SEM, standard error of the mean.
The applications of synchrotron technology in feed and animal nutrition research have included (i) feed molecular structure in relation to nutrient availability; (ii) feed molecular-chemical makeup and micronutrient localization; (iii) feed molecular chemistry imaging; (iv) effect of gene transformation on feed structure; (v) heatinduced changes in structure and relation to nutrient availability; and (vi) the effect of bioethanol processing on feed structure and quality (Yu 2005a (Yu , 2005b (Yu , 2005c Becker and Yu 2013; Yang et al. 2013; Yu et al. 2013 ).
Nutritional profiling of pea seeds
Wet bench biochemical analysis and atomic absorption spectroscopy are popular methods used to quantify organic and mineral composition of seeds. Both these methods involve homogenization and extraction, often followed by chemical modification of the extracts before the target compound or mineral can be quantified (Sharma et al. 2015) , with cost often charged on a per element per sample basis. Because wet bench methods require multiple, time consuming, and expensive measurements, biochemical and nutritional traits of crops are neither routinely nor extensively used in current crop variety development.
A rapid and low cost nutritional profiling method to accurately measure a wide range of nutritional elements of the grain would set the stage for high-throughput evaluation of large breeding populations and germplasm collections. Such methods for biochemical and or nutritional profiling could be implemented in the month after harvest each year, providing timely data for selection of desirable breeding lines. Although near-infrared (NIR) spectroscopy is often used to predict protein and starch concentrations in seed powders (Esteve-Agelet et al. 2012) , it has the disadvantage that it relies on absorption bands that are weak and diffuse with overlapping overtones of the sharper and relatively stronger primary absorbance bands of compounds in the MIR spectral region. As a consequence, NIR absorbance bands of multiple compounds may overlap (Wilks 2006) . Therefore, NIR-based quantification of biochemical components in complex systems like tissue samples depends on elaborate calibration procedures that are not easily transferable from instrument to instrument. In contrast, MIR spectroscopy can generate sharper and stronger absorbance peaks with a greater signal to noise ratio, representing specific biochemical compounds. Similarly, XRF spectra generated directly from seed powders can be analyzed to semi-quantitatively estimate mineral composition of seeds (Miller and Dumas 2006; Iwai et al. 2012) . The objective of this study was to elucidate the chemical composition of field pea seeds using XRF and MIR spectroscopy.
Seeds from 'CDC Bronco' field pea (Warkentin et al. 2005) were dried and ground into a fine powder with a quartz mortar and pestle to avoid metal contamination, and then stored in a desiccator. Approximately 10 mg powdered samples of XRF were packed in an X-ray transparent slit of 0.5 cm × 3.0 cm made using a Teflon plate. Data collection was accomplished using Acquaman control software with a dwell time of 180 s. Incident and transmitted X-ray fluxes were measured using the upstream and downstream ionization chamber currents. The XRF data was normalized to the standard ring current of 250 mA and then plotted using Origin software (version 9.1, OriginLab Corporation, Northampton, MA).
The MIR absorption spectra collected from 'CDC Bronco' seeds represent the relative absorption of infrared radiation by the samples between 4000 and 600 cm −1 and contain all of the major spectral features found in biological samples (Fig. 4) . A broad peak between 3500 and 3300 cm −1 represents -OH stretching vibration and water content. In plant tissues, some of this spectral signal also represents the -OH groups of carbohydrates. The region between 3000 and 2800 cm . Average FTIR (2800-900 cm −1 ) (A) spectra and (B) XRF profiles collected from whole 'CDC Bronco' mature seeds. The FTIR spectra were an average of nine spectra from three biological samples collected from KBr pellets. The XRF profile was an average of six spectra from three biological samples.
A 1510 cm −1 shoulder on the amide II peak corresponds to the lignin aromatic ring vibration. The spectral features in the region 900-1250 cm
broadly represent the C-O-C, C-C, and P-O vibrations found in polysaccharides and phosphates of plant samples. As expected, all the pea seed powder samples exhibit peaks representing protein, lipid, carbohydrate and phosphate compounds. We have also identified four very strong peaks at 980, 966, 931, and 841 cm −1 in the MIR absorption spectra of pea seed powders that represent the P-O-C asymmetric stretch; a weak peak at 2927 cm −1 representative of the -OH stretch of phosphorus oxy acids; and a broad peak from 1158 to 1126 cm −1
. In addition, we identified two specific peaks at 1087 and 1071 cm −1 related to the P = O stretch vibrations.
Furthermore, the averaged XRF spectra (Fig. 4B ) of pea seeds indicates that Zn, Ca, Fe, K, and Mn content can be measured in parallel from the same seed samples, without time consuming extraction steps. The results generated through this study give us confidence that reliable data on organic nutritional and anti-nutritional components of seeds such as proteins, starch, and phytic acid can be effectively combined with valuable complementary information on mineral composition of pea and other crop seeds using the resources available in a synchrotron facility such as CLS.
Similar phytic acid based studies using XRF and micro-XRF imaging have been conducted in rice (Oryza sativa L.). Over the course of seed development, phytic acid accumulated in the aleurone layer and the endosperm (Iwai et al. 2012) . Using XRF imaging, Iwai and colleagues showed Ca, K, and Fe co-localized with phytic acid, Zn was loosely bound, and Cu accumulated in the endosperm but did not co-localize with phytate (Iwai et al. 2012) . Transgenic rice lines with low phytic acid had reduced P and K in the aleurone layer and a greater localization of Zn and Cu to only the aleurone layer in comparison to the nontransgenic control (Sakai et al. 2015) . Synchrotron XRF imaging has also been used as a proof of principle in seed transformation studies (Menguer et al. 2017 ). Menguer and colleagues transformed barley (Hordeum vulgare L.) to express a Zn transporter (HvMTP1) and used XRF imaging to confirm the redistribution of Zn from the aleurone to the endosperm.
These studies provide a gateway into the process of localizing mineral nutrients to specific tissue compartments and correlating the localization with their chemical status. This can provide valuable insight into the nutritional and processing aspects of crop utilization. Once validated, breeders, biotechnologists, and processors will be able to utilize this information to devise knowledge-based strategies to improve the nutritional composition of seeds and seed-based products. For example, the analysis of the phosphate-related peaks in the 1158-1126 cm −1 range have been used to distinguish between normal and low phytic acid mutants of pea (P. Vijayan and B. Smith, unpublished data) and can subsequently lead to the development of high-throughput methods for screening biochemical phenotypes of interest.
Handheld technology and field applications
The transport of nutrients into developing fruit is dependent on transpirational water flow in addition to ion transport mechanisms. Upon transfer from the xylem to surrounding cells, the mobility of calcium is a function of the combined symplastic and apoplastic flow (Gilliham et al. 2011) . Using 45 Ca radioisotope, Shear and Faust (1970) illustrated that calcium mobility is limited in plant tissue once it is unloaded from the xylem. Differences in the distribution of xylem vessels and functionality over time (Dražeta et al. 2004; Miqueloto et al. 2014) can cause significant spatial variability in plant tissue elemental concentrations. This has been shown using traditional elemental analysis (Ferguson and Watkins 1983) as well as nondestructive analysis (Kalcsits 2016) . Recent advancements in photometry have increased the resolution at which spatial differences in microstructure affecting calcium mobility can be measured. Synchrotron or conventional XRF can be used for tissue level analysis (McLaren et al. 2012; Kalcsits 2016) or to localize elemental concentrations at a cellular level . Synchrotron XRF provides micron-scale resolution for mapping elemental distribution in plant samples. However, handheld XRF provides opportunities for in situ analysis that, in combination with synchrotron XRF, can provide important information on how elemental distribution affects the development of Carelated disorders. The objective of this work was to nondestructively identify variation in Ca, K, S, and P concentration in the proximal, middle, and distal regions of apple and pear using handheld XRF.
'Honeycrisp' apples with a range in sizes from a commercial packing facility were analyzed using a Bruker AXS Tracer 3-V portable handheld x-ray fluorometer (PXRF) analyzer (Bruker Elemental, Kennewick, WA). The PXRF was equipped with a rhodium tube from which X-rays are emitted and a Peltier-cooled silicon Table 2 . Semi-quantitative rhodium-normalized calcium (Ca), potassium (K), phosophorus (P), and sulfur (S) contents measured using a portable X-ray fluorometer at proximal, central, and distal peel locations and the cortex of Malus pumila Mill. 'Honeycrisp' (n = 142). Note: Means were separated using Tukey's HSD test. Means not sharing a lowercase letter differ significantly at the P < 0.05 level.
PIN diode detector operating at 15 kV and 25 μA from an external power source for 15 s using no filter under a vacuum at <10 torr. X-ray counts were processed using the S1PXRF spectra program developed by Bruker in a semiquantitative approach for measuring Ca, K, S, and P. Each fruit was measured at 12 spots; 4 from each of the calyx, equator, and stem end. More detail on this method can be found in Kalcsits (2016) .
With the handheld device, Ca, K, and P were found to be significantly different among regions of the apple (Table 2) . Both Ca and K were greatest at the proximal and distal regions of the fruit. Sulfur was not significantly different along the fruit surface. The cortex had significantly lower elemental content than the peel; however, the greatest difference between the peel and the cortex was for Ca, where the rhodium-normalized, semi-quantitative Ca content was between 0.262 and 0.289 in the peel and 0.043 in the cortex. This difference is perhaps best exemplified in bitter pit affected fruit compared with healthy fruit, as shown when K to Ca ratios are mapped (Fig. 5, from Kalcsits 2016) . Detecting the variation in elements at the whole plant, tissue, and cellular levels is critical to understanding the factors that affect these distribution patterns. Using XRF, significant variation in Ca, K, P, and S concentrations in both apple and pear were identified at the tissue level. While differences in these concentrations were significant, calibrations are not available for quantitative analysis of plant tissue, limiting measurements to relative comparisons among treatments. Depending on the type of XRF, the measurement resolution can be >1 cm for tissue-level analyses or as small as 50 nm for subcellular analyses. For many horticultural crops, the overall Ca concentration in plant tissue and its ratio to other elements such as K, Mg, and N have been implicated as a predictor of Ca deficiency-related physiological disorders (White and Broadley 2003) . However, Kalcsits (2016) reported the K to Ca ratios vary significantly along the fruit surface (Tables 2 and 3 ; Fig. 5 ). Current analytical practices suggest pooling of fruit within an orchard masks the variation in elemental distribution between and within fruit that may contribute to Ca-related disorders. De Freitas et al. (2012) suggested the amount of free apoplastic Ca may affect the development of bitter pit symptoms. Calcium is primarily distributed throughout the cell wall, cytoplasm, and vacuole, with much of the Ca present in the cell wall and vacuole and cytoplasmic Ca concentrations tightly regulated (Hocking et al. 2016) . The amount of variation that exists within a fruit at the cellular level and the factors that contribute to this variation are less understood. Using micro-XRF to determine the in situ cellular distribution and speciation of Ca in apples (and other fruit suffering from Ca-related disorders) would significantly advance research in this area and lead to viable and cost-efficient solutions.
Use of XRF has the potential to provide insight into factors that affect overall distribution of elements at the whole plant and cellular levels. The ability to measure this variation may provide answers to some of the underlying causes of Ca-related problems in horticultural crops. The trends in elemental concentrations Fig. 5 . Smoothed semi-quantitative potassium to calcium ratio on the surface of an apple affected by bitter pit (left) and a healthy apple (right) calculated as the rhodium-normalized PXRF counts for potassium divided by the rhodium-normalized PXRF counts for calcium. The potassium to calcium ratio was twice as high in the apple affected by bitter pit than in the healthy apple, with differences in spatial distribution. Adapted from Kalcsits (2016) . [Colour online.] Bitter pit Honeycrisp K:Ca Healthy Honeycrisp K:Ca among different regions of the fruit were similar for both 'Bartlett' and 'Starkrimson' pears. Similar to apple, concentrations of Ca, K, P, and S (Table 3) were greater in the peel than the cortex. The differences between the stem end and bottom (distal, calyx end) of the pear were greater than they were for apple. Calcium concentrations were lower and K concentrations higher in 'Starkrimson' than 'Bartlett' pears in all regions except the cortex in the bottom of the fruit (P < 0.05).
Reports in the literature indicate that use of handheld FTIR devices have been applied sparingly in soil (Forrester et al. 2015) and plant sciences (Wilkerson et al. 2013) . For example, in Australia, the P buffer index is an important measurement used in determining rates of P application for optimum crop yield while preventing environmental pollution due to excessive use of fertilizers. Samples can be analyzed using FTIR to quantify the P buffer index; however, this requires samples to be shipped to the lab for analysis (Forrester et al. 2015) . The possibility of on-site testing would improve efficiency. Using partial least squares regression of spectra obtained from Australian soils showed that accuracy and high signal to noise ratio (Forrester et al. 2015) of handheld MIR device spectra were comparable to results from benchtop analyses.
Portable infrared units would provide plant breeders with a powerful tool for rapid assessment of quality attributes, such as sugar content in tomatoes or the identification of injury in harvested material or field plants that are unidentifiable upon visual inspection. From an industry perspective, rapid analysis of plant byproducts would allow for timely corrective measures during manufacturing and processing. With the use of partial least square regression calibration models, handheld models accurately estimated sugar, acidity, and soluble solid quality parameters in tomato juice processed from plant breeding lines to the same degree as conventional measurements (gas chromatography, titration, Brix meters) and benchtop FTIR machines (Wilkerson et al. 2013) . Similar partial least square regression models can be applied to specific biochemical markers such as protein peaks to assess for kernel quality (Singh et al. 2011; Xin et al. 2013) or absorbance peaks associated with oxidative stress (Lahlali et al. 2016a (Lahlali et al. , 2016b . In the future, programs accompanying these handheld devices could be used to detect early injury or infection in field plants that is not visible to the naked eye and ultimately be used to differentiate susceptible and resistant breeding material.
Conclusions
Synchrotron technology is a promising powerful tool in plant sciences with distinct advantages over other technologies, particularly in areas such as ease of sample preparation, nutrient profiling, compositional analysis, and nondestructive mapping, enabling spatial localization of biological molecules and evaluation of protein secondary structures. Synchrotron technology is both a useful first approach to determine broad differences for further detailed investigation through complementary technology and in providing detailed analytical compositional information. Existing tools such as handheld XRF units illustrate the value of nondestructive, highthroughput approaches. Increasingly, synchrotron technology is also incorporating techniques to better address the high-throughput needs of plant breeding programs. Table 3 . Semi-quantitative rhodium-normalized calcium (Ca), potassium (K), phosphorus (P), and sulfur (S) content measured using a portable X-ray fluorometer of peel and cortex tissue at stem and bottom locations of Pyrus communis 'Bartlett' and 'Starkrimson' (n = 160). Note: Means were separated using Tukey's HSD test. Means not sharing a lowercase letter differ significantly at the P < 0.05 level.
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